as they offer low cost of production, size, and shape mediated control over catalytic activity and high stability in extreme physiological conditions. Utilizing the enzymatic properties of these nanozymes, several detection methods of analytes in extremely low concentration has also been devised [7, [11] [12] [13] [14] . Considering the above-mentioned advantages of nanozymes, in this review article, we comprehensively discuss the recent developments and future direction of nanomaterials as artificial enzymes.
Recent utilization of enzymes in the construction of biosensors, food industry, technological applications and agricultural research has seen prompt progress. Although several natural enzyme-based methods have been devised in these areas, however, the realization of actual potential has been not received due to the limitations associated with enzymes. In this context, merging nanotechnology with enzymology has paved a way to design novel multifunctional nanozymes exhibiting intrinsic biological enzyme-like activities. So far several types of nanomaterials such as gold (Au), Silver (Ag), Copper (Cu) nanoparticles (NPs), Cerium oxide (CeO 2 ), iron oxide, V 2 O 5 , Pt, Pd, graphene, fullerenes, and carbon nano tubes etc [7, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . have been investigated to possess the natural enzyme-like activities. Oxidase, peroxidase, superoxide dismutase (SOD) and catalase are some of the most studied enzymes for which nanomaterialsbased artificial enzymes have been investigated (Figure 1) . Despite the vast variety of nanomaterials exhibiting enzyme-like activities, this review will only focus on the nanozymatic activity of gold nanoparticles. Since during last two decades, CeO 2 NPs and certain carbon based materials have emerged as potential antioxidants which have shown tremendous applications in treating oxidative stress based human diseases, towards the end of this review article, a short report will be provided on CeO 2 NPs and carbon-based nanomaterials.
Among metallic nanomaterials, AuNPs have been well explored for their enzyme-like activities. Such investigation becomes more intense as AuNPs offers high biocompatibility to mammalian cells [25, 26] . Although AuNPs have been considered as chemically inert materials, however, recent investigations reveal that AuNPs exhibit excellent peroxidase-like activity [27] . Mimicking the glucose oxidase-like activity of AuNPs has led researchers to prepare different types of glucose and other sensors [28] . Paper chip based simple, portable and cost-effective sensing platform has been developed for naked-eye detection of mercury. It was shown that multiple tests can be simultaneously executed on a single device and the result can easily be read by a camera of the smart phone. The limit of detection of this method was found to be 0.006 ng for a single application and 0.012 ng for five test sample analysis [29] . Recently Yang, et al. have developed gold nano rods (AuNRds) based monitoring of telomerase activity, which is a valuable marker for cancer diagnosis [30] . This strategy was a simple, naked eye based detection and label free method for telomerase sensing through enzymatic etching of AuNRds. The sensor contained repeating sequences (TTAGGG) extended on telomerase substrate primer where it formed a G-quadruplex in presence of Hemin and K+ ions. Hemin/Gquadruplex exhibiting peroxidase-like activity catalyzes the H 2 O 2 mediated etching of AuNRds into shorter rods and even to spherical AuNPs. Since, AuNRds exhibit size-dependent SPR and suspension color; it offers a visual detection of telomerase. Thus, this enzymatic reaction can be easily coupled to telomerase activity, allowing for the detection of telomerase activity based on vivid colors. Although several such bio sensing and other applications have been reported utilizing the peroxidase-like activity of AuNPs, the full potential of AuNPs as enzyme-mimics is still in infancy due to the low intrinsic catalytic activities and stability in biologically relevant buffers [31] . In this context, the emergence and recent advances of nanotechnology need to develop new strategies to develop nanomaterials or modification in sensing methods which could produce stable materials with high catalytic activity. Such developments would offer sensitive and early stage detection of biological analytes, which will be of tremendous help in developing nano medicines. With this in mind, several investigators have developed methods involving AuNPs, which can improve the present methodology. Among them, Lin et al. have reported a self-activated enzyme-mimetic system by using expanded mesoporous silica-encapsulated AuNPs, which exhibited two enzymes-like activity, glucose oxidase, and peroxidase activity. Mechanistically, mesoporous silica helps in the formation of a very small and well-dispersed AuNPs, which exhibit an extraordinary stability and dual enzyme-like activities [32] . These unique properties were further complexed together into a self-organized artificial cascade reaction involving the oxidase-peroxidase coupled enzyme system. Additionally, single component AuNPs are also expected not to show dual enzymelike functionalities, as unsupported AuNPs can keep only one type of enzyme activity while the other can be completely blocked [33, 34] . In this context, Singh and co-workers have developed Au-core-CeO 2 -shell nanoparticles, which can show triple enzyme activity, peroxidase, catalase, and SOD [35, 36] . It was interesting to observe that by the spatial arrangement of two materials as core-shell could lead to the three enzyme activities. Authors reported that, due to the redox behaviour at the interface of Au and CeO 2 , the third enzyme activity can be achieved. Apart from providing a support system to AuNPs which offers stability, other strategies are also reported where the peroxidase reaction products are stabilized. One such effort was reported by Shah et al [37] . where ATP (Adenosine triphosphate) was shown to enhance the peroxidase-like activity of citrate-stabilized AuNPs. Different sized of AuNPs (15, 30, 50 and 70 nm) were studied, of which 30 nm exhibited synergistic peroxidase-like activity in presence of ATP. Further, the catalytic activity was found unaltered when the reaction was performed in presence of ADP, free phosphate, sulphate and carbonate anions, however, addition of ascorbic acid diminished the intrinsic peroxidase-like activity, even in the presence of ATP. A systematic study by authors revealed that presence of ATP did not enhance the production of hydroxyl radicals, which is central to the peroxidase-like activity exhibited by most of the nano materials, rather it diminishes the radical production in the reaction mixture. When investigated further, it was observed that ATP provides stability of oxidized TMB (3,3,5,5-tetramethylbenzidine), which is the reaction product of peroxidase activity. The biosensors developed on the concept of peroxidase-like activity read the absorbance at 650 nm of oxidized TMB (blue color). Very frequently it has been observed that the oxidized TMB undergoes auto-reduction and soon converts into reduced TMB, which leads to the loss of absorbance at 650 nm and concomitant loss of visual color. Such events limit the practical utility of peroxidase-like activity exhibited by nanomaterials. However, with the use of ATP, it was found that the oxidized TMB can be stabilized for extended hours, thus preserves the absorbance and blue visual color. On the similar concept, Lin et al. have demonstrated that with the addition of ionic liquid, Au/SiO 2 hetero-nano composites serve as a robust and recyclable peroxidase mimic even at high-temperature catalytic reactions [38] . Authors found that ionic liquid serves as a stabilizing agent and improved thermal stability of ABTS•+ radicals and subsequently enabled to facilitate the peroxidase reaction at high temperature, which was not possible in buffer solution.
Similar to ionic liquids and ATP, other nucleoside triphosphates (NTPs) are also reported to positively modulate the enzyme-like activity exhibited by nanomaterials, thus could serve asan enhanced activity when used with NTPs. Among used NTPs, UTP (Uridine triphosphate) and ATP showed improved oxidase enzyme-like activity, whereas UTP and CTP did not show any significant improvement in catalytic activity [39] . It was suggested that this effect is due to the coupling of the oxidative reaction with NTP hydrolysis. Different NTPs reflected different dephosphorylation activity by CeO 2 NPs, which was further developed as an effective and high-throughput colorimetric assay for testing single-nucleotide polymorphism. Additionally, Singh et al. have studied the alteration in catalytic properties of CeO 2 NPs when exposed to biologically relevant buffers [40, 41] . It was reported that phosphate anions significantly diminished the SOD activity of CeO 2 NPs. Mechanistically, the electrostatic repulsion between cationic CeO 2 are shielded by anionic phosphate ions, thus agglomeration of NPs occurs in form of cerium phosphate. Cerium phosphate formation blocks the redox cycling between Ce +3 /Ce +4 , and stabilizes the "Ce" in +3 oxidation state form. Considering the abundance of phosphate anions and related bio molecules in biological systems, it is likely that the action of CeO 2 NPs as a catalyst in the biological system may be strongly influenced by the local concentration of phosphate in the cells/ tissues in which it has been introduced. Similar to AuNPs and CeO 2 NPs, carbon-based materials, such as graphene oxide, graphene−based nano composites, carbon nano tubes (CNTs), and carbon nano dots, have also been discovered to exhibit peroxidase and SOD enzyme-like activities [42] [43] [44] [45] [46] [47] . Soluble derivatives of fullerenes have found protecting rats from iron dependent lipid peroxidation by co-infusion of carboxyfullerenes [48] . ROS (Reactive Oxygen Species) are well known to play a significant role in ischemia-reperfusion (stroke) injury, thus, using this as an experimental model, Lai et al reported that administration of fullerenes to ischemia animal model leads to the substantial reduction in lung injury [49] .Use of the peroxidase-like activity of CNTs is reported to develop a label-free colorimetric detection system for single nucleotide polymorphism in human DNA [45] . Additionally, a composite of magnetic silica nanoparticles with CNTs are also developed as a unique strategy for selective detection of copper ions by click chemistry [46] . Owing to the exceptional emission properties, carbon nano dots are being looked as a potential replacement of quantum dots as a biocompatible imaging agent for biological systems. Wang et al have recently showed that carbon dots also exhibit high peroxidase-like activity, which can be used for sensitive and colorimetric detection of glucose from the real samples [50] .
Limitations and Future opportunities
AuNPs, carbon, and CeO 2 NPs based artificial nanozymes are less vulnerable to denaturation, low-cost, easy to synthesize, long shelf-life and are more stable than natural enzymes. Additionally, these nanozymes also exhibit unique features such as large surface area and shape and size-dependent properties, which can be used to tune the catalytic activity. Contrary to this, it is also essential to discuss the potential challenges limiting the full potential use of nanozymes in biomedicines as biocatalysts. Low catalytic activity is one of the biggest limitations with nanozymes. Therefore, more efforts need to be devoted to developing strategies to significantly improve the catalytic activity of nanozymes. Our group has recently started to address this issue by exploring the efficient boosting agents such as ATP. We have recently shown that with the use of ATP, the peroxidase activity of iron oxide NPs can be tuned to neutral pH, which opens the opportunities for a myriad of biological applications [51] . Compared to natural enzymes, a lower binding affinity of nanozymes with the substrate is another issue, which needs to be addressed. Contrary to this, natural enzymes exhibit high binding affinity and substrate specificity due to the presence of unique catalytic microenvironment (active sites). Nanozymes could also be surface modified with functional groups similar to the groups present in the active sites of natural enzymes, thus enhanced binding affinity and substrate specificity. In this context, the surface chemistry of AuNPs, carbon-based materials, and CeO 2 NPs are well characterized, which helps in modifying the surface of these materials with desired functional groups [4, 52] . A careful assessment of nanozymes catalytic reactions, it can be concluded that only redox-active nanomaterials can catalyze the biological reactions, which are hydrolytic reactions. However, natural enzymes can catalyze various types of biochemical reactions. Thus, significant efforts must be devoted to constructing novel nanozymes which can catalyze other types of biochemical reactions. The biggest challenge with nanozymes is the rational design, which can be solved by nanotechnology field itself [53, 54] . Although the abovementioned issues are the key limitations which need immediate focus, however, future research in nanozymes technology is expected to grow with special emphasis to the exploitation of their potential applications in bio sensing and disease diagnosis and this information can be supported together into organized functional systems.
Conclusions
In last two decades, there have been several efforts by chemists and biologists to create synthetic structures that can mimic the functions of natural enzymes. In this context, nanomaterials are the most experimented materials and currently established as one of the promising alternatives to the natural enzymes. Among nanomaterials, AuNPs, carbon-based materials, and CeO 2 NPs are established as effective nanozymes exhibiting the properties of natural peroxidase, oxidase, catalase, and superoxide dismutase enzymes. The enzymatic activities of these biocompatible materials are successfully shown in several cell culture and animal models. This review report is an attempt to understand the mechanism and apply these nanomaterials as an artificial enzyme of the biological system and shed light on the strategies on improving the activities of these catalytic nanomaterials and their promising applications in detection, medical diagnosis, and therapeutics. Although it is well accepted that at present nanozymes face several unresolved issues and challenges, the intrinsic unique properties and tunable functions would lead to promising results and extraordinary outcomes as this field continues to thrive and mature in near future.
